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INTRODUCTION 
Although superconducting quantum interference devices (SQUIDs) provide an 
exquisitively sensitive means for measuring magnetic fields, their usage in the past has been 
limited chiefly to biomagnetic research. However, over the past few years interest in 
applying SQUID techniques to the field of nondestructive evaluation (NDE) has blossomed 
[1]. Many experiments have exploited the sensitivity of SQUIDs for diverse NDE 
applications, especially those requiring large separation distances between the sensor and 
the item to be inspected. Our work instead has focused on the potential to detect very small 
defects with SQUIDs, specifically in thin-walled tubes. In this paper, we discuss three 
different methods for creating magnetic fields in tubes. The methods comprise (a) directly 
injecting a current through the tube, (b) using a separate induction coil to create induced 
currents in the tube, and (c) utilizing a ferromagnetic tracer technique. To illustrate the 
capabilities of each method, we present two-dimensional maps of the spatial distribution of 
the magnetic field as measured by a SQUID magnetometer - that is, SQUID images. The 
images will also be used to compare the sensing methods with respect to such practical 
considerations as relative sensitivity and signal-to-noise ratio. 
EXPERIMENTAL METHODS 
Although the three techniques used to create magnetic fields differ from one another, in 
all other respects the experiments were identical. Our experiments were performed at the 
Vanderbilt University Electromagnetics Laboratory, which has been described in detail 
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elsewhere [2]. Measurements were made with a first-order axial SQUID gradiometer (coil 
separation baseline = 3 cm); its small pickup coil (diameter = 3 mm) affords good spatial 
resolution for relatively small defects. The tube samples, made of a nonmagnetic zirconium 
alloy, possess a nominal outer diameter of 12.2 mm and wall thickness of 0.8 mm. SQUID 
imaging is accomplished by mechanically rotating the tube beneath the pickup coil, and 
measuring the magnetic field detected at each angular position. After a complete revolution, 
the tube is indexed axially and the process repeated. In this way, a two-dimensional image is 
created of the spatial distribution of the magnetic field. 
INJECTED-CURRENT METHOD 
With this method, a magnetic field is created in the tube by applying a low-frequency 
AC current (typically 5 -10 mA at 20-40 Hz) directly across the tube. A lock-in amplifier 
obtains the component of the SQUID signal in phase with the excitation current. 
Theoretically, a defect-free, perfectly cylindrical tube carrying a uniform current produces 
only a tangential field E\" which will not be detected by a Ez magnetometer. In practice, 
however, variations in Ez were measured even in tubes without defects. These signals can 
be traced to small imperfections in alignment and in the mechanical scanning system, and 
form a signal background in the images. Often, the amplitude of these background signals 
was approximately the same as that of the defect signals. Since our experiments were 
concerned with detecting artificial tube defects, image processing techniques were used to 
minimize the background signals and enhance the defect signals [3]. In most cases, a 
three-step subtraction method was used; for the smallest defects, digital filtering techniques 
produced better results. All of the images shown in this section have been processed using 
one of these approaches. 
For quantitative comparison of the different sensing techniques, we have calculated the 
signal-to-noise ratio (SNR) for each image. The SNRs were determined using an 
image-based definition of signal to noise as the peak-to-peak amplitude of a defect signal 
divided by the standard deviation of the signal in a "background" region of the image. In this 
way, we are comparing the peak defect signal to typical background noise. The background 
image regions were selected from portions of the image in which no defect signal was 
present, and encompassed as large an area as possible (typically 25%-30% of the entire 
image). Using this definition, defects with SNRs ;:::; 3 or less cannot be easily distinguished 
from the background signals. 
The smallest defects we have imaged with the injected-current method are four small 
holes with the following dimensions: hole A, diameter = 0.84 mm, depth = 0.41 mm; hole 
B, diameter = 0.71 mm, depth = 0.81 mm (through-wall hole); hole C, diameter = 0.54 mm, 
depth = 0.76 mm; and hole D, diameter = 0.37 mm, depth = 0.54 mm. The injected-current 
SQUID image for holes A and B, shown in Fig. 1 (a), reveals that we are easily able to detect 
these holes; we calculate SNRs of 18 and 12 for holes A and B, respectively. The relative 
signal amplitude for the holes confirms the theoretically expected result that the signal 
amplitude is proportional to the hole depth and not its diameter. Further support is given by 
the injected-current image for holes C and D in Fig. 1 (b). The signal arising from hole C can 
be deteted at x = 36 mm, while the indication from hole D is just barely visible above the 
noise level at x = 11 mm. Using processed images, we calculate SNRs of 11 and 4 for holes 
C and D, respectively. 
We have also imaged signals arising from two slots machined on the outer diameter 
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(aD) of a tube. The slots possess identical dimensions, but different relative orientations. 
The injected-current images for the slots are shown in Figs. I(c) and (d). In Fig. I(c), the 
defect is a 6.35 x 0.5 x 0.5 mm3 slot positioned with its long dimension perpendicular to the 
tube axis (i.e., a circumferential slot), while in Fig. I(d), the slot is oriented axially (long 
dimension parallel to the tube axis). The fact that the circumferential slot's peak-to-peak 
signal is over 4 times larger than for the axial one indicates the preferential sensitivity of the 
technique. Similarly, the circumferential slot has a SNR of 55, while the SNR for the axial 
slot is 14. The difference can be understood by noting the direction of current flow; a 
circumferential slot presents a much greater obstacle than a longitudinal one to an axially 
injected current. In fact, it is somewhat surprising that the axial slot appears as strongly as it 
does. 
INDUCED-CURRENT METHOD 
We have also examined tube samples using a method of induced currents. For these 
experiments, a long, solenoid-like induction coil was created by wrapping # 36 wire around 
an insulating shaft. The coil was inserted inside the tube and operated with a current of 
3-5 mA at 100-200 Hz. A lock-in amplifier is used to acquire both the in-phase (I) and 
quadrature (Q) components of the SQUID signal. Eddy currents induced in the tube by this 
method will be chiefly circumferential in nature. If either the induction coil or the tube is not 
perfectly uniform, variations in the current density will create measurable magnetic 
variations. Fortunately, the background signals due to induction coil and tube irregularities 
occur at a slightly different phase lag than the defect signals. We can therefore emphasize 
the defect signals by combining the I and Q components into a single image using image 
"rotation," a technique commonly used in eddy current testing. The rotation physically 
corresponds to the phase lag that occurs between the applied current in the coil, which is 
used as the lock-in reference signal, and the tube's induced current. 
To evaluate the induced-current technique, images were acquired with the same defects 
used in the injected-current experiments. The induced-current image for holes C and D is 
shown in Fig. 2(a). A quick comparison between the images and the corresponding 
injected-current one reveals a change in the signal's spatial characteristics from a bipolar 
pulse oriented circumferentially (injected-current images) to one aligned axially 
(induced-current images). The reason for the change lies in the nature of the current flow for 
each case, and the nature of the resulting magnetic field variations. As with the 
injected-current images, the signal amplitude is proportional to the diameter of the hole. The 
images also indicate that, like the injected-current case, the signal produced by hole D seems 
close to our limits of sensitivity. We calculate SNR values of 9 and 6 for holes C and D, 
respectively; these are not appreciably different than the injected-current values of II (C) 
and 4 (D). However, it should be noted that the induced-current approach requires far less 
image processing to obtain the same level of image qUality. 
Further comparison with the injected-current method can be made using the images in 
Figs. 2(b) and (c), which were obtained with the axial and circumferential OD slots 
described above. In contrast to the injected-current method, it is apparent from the images 
that the induced-current technique is preferentially sensitive to axial defects. The signal for 
the axial slot [Fig. 2(c)] is approximately three times larger than for the circumferential slot 
of the same size [Fig. 2(d)]. Moreover, the relative SNRs are opposite to those for the 
injected currents: SNR(axial)=33 and SNR(circumferential)=12 for the induced current, 
compared to SNR(axial)=14 and SNR(circumferential)=55 for the injected current. These 
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Fig.2. Induced-current SQUID images for (a) holes C and D; (b) circumferential slot; 
(c) axial slot. 
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differences not only point out that both techniques are anisotropic in their sensitivity to 
defects, but also emphasize their complimentary nature for defect detection. 
FERROMAGNETIC DECORATION 
Our third method, called "ferromagnetic decoration," does not rely on electrical 
currents to produce a magnetic field. Instead, a suspension of tiny ferromagnetic particles in 
liquid [4] is applied to the tube surface. The liquid is wiped off and the tube is passed near a 
magnet. The nonmagnetic tubes will not be affected, but any ferromagnetic particles lodged 
in surface-breaking defects will be magnetized. The resulting field, which we interpret as an 
indication of defects, is large enough to be sensed by the magnetometer; in fact our 
experiments show that this method produces much stronger signals and better SNRs than the 
other methods. After image acquisition, we have cleaned samples with soap and water, and 
re-imaged them. Although cleaning did not remove the ferromagnetic particles entirely, 
both the signal amplitude and SNR for the cleaned samples was reduced by approximately 
an order of magnitude. Improved cleaning methods could be developed to remove virtually 
all of the particles if desired. 
Ferromagnetic decoration images of the small holes B, C, and D are shown in Figs. 
3(a) and (b). Comparing these results with those for the other methods reveals that the 
ferromagnetic decoration approach produces much stronger signals and SNRs. 
Quantitatively, the SNRs are nearly an order of magnitude higher: SNR(B)=27; 
SNR(C)=68; and SNR(D)=34. The excellent results for hole D are particularly encouraging, 
since this hole represents the current limit of detection with the other methods. It is also 
interesting to note that the ferromagnetic signal for hole B is much smaller than that for hole 
C. We believe that since hole B penetrates the tube wall, fewer ferromagnetic particles 
remained lodged inside it than in hole C. In fact, the small signal 1800 away from the signal 
for hole B indicates that some of the particles fell through the hole onto the opposite side of 
the tube, and we are therefore sensing particles on the tube's inner diameter (ID). 
This unexpected signal in Fig. 3(a) provides the basis for a final test of the 
ferromagnetic decoration technique. The image in Fig. 3(c) represents a region of tube 
containing two very small machined slots: an axial OD slot and an ID slot slanted 15° 
off-axis. Both slots measure 0.76 x 0.15 x 0.08 mm3, and are spaced 25.4 mm apart on the 
tube. The slots are the smallest defects we have detected so far using any sensing technique. 
The signal for the OD slot appears quite strong with an excellent SNR (38). Surprisingly, the 
signal for the ID slot is much smaller (SNR=7), although its dimensions are nominally the 
same as for the OD slot. Possible reasons for the discrepancy include insufficient application 
of the ferromagnetic liquid on the tube ID and nonuniform magnetization of the specimen. 
In spite of the difference in amplitudes, the signals in Fig. 3(c) demonstrate our ability to 
simultaneously detect ID and OD defects. For comparison, slots of this size can be detected 
with some effort using conventional methods (e.g., eddy currents or ultrasound). However, 
these methods may require multiple inspections with different operating parameters (such as 
oscillator frequency for eddy currents) in order to reliably detect both defects. 
SUMMARY 
The images shown in this paper demonstrate the ability of the SQUID magnetometer 
system to detect very small defects on both the OD and ID of thin-walled tubes using three 
different sensing methods. These first-generation experiments indicate a level of sensitivity 
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FigJ. Images obtained using the ferromagnetic decoration technique for (a) holes Band 
C; (b) hole D; (c) two small notches. One notch is located on the tube's outer diameter 
(x = I5mm); the other lies on the inner diameter (x = 42mm). Both notches have 
dimensions 0.76 x 0.15 x 0.08mm3• 
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that is roughly on par with conventional NDE methods. The injected- and induced-current 
images possess roughly comparable SNRs. With the injected-current method, minute 
irregularities in tube alignment and the mechanical scanning system produce fairly large 
background signals that can greatly reduce a defect's detectability. Although the induction 
coil is difficult to construct, our results show that these background signals produced are 
much less severe. The induced-current technique has the added advantage that it requires no 
actual sample contact. Both methods are preferentially sensitive to different defect 
orientations. The induced-current method is better suited to detect defects of approximately 
axial alignment, while the injected-current method exhibits greater sensitivity to 
circumferential (longitudinal) flaws. Finally, in conjunction with suitable electromagnetic 
models, either method could be developed as a means to quantitatively characterize defects 
as well as simply detect them. 
Of the three sensing methods investigated, the ferromagnetic decoration approach 
clearly shows the greatest potential for enhanced defect detection capabilities over 
conventional techniques. Although the technique does not appear suitable for quantitative 
defect characterization owing to the somewhat random nature of the application, it produces 
very strong signals with -excellent SNRs. With this approach, we have detected defects as 
small as 0.76 x 0.15 x 0.08 mm3 and achieved SNRs at least five times larger than with other 
methods. In addition, we have demonstrated the technique's potential to simultaneously 
detect flaws on the tube's ID and OD surfaces. Further experiments will focus on refining 
this technique (as well as the other methods) in order to improve sensitivity limits. 
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